The human pathogen Helicobacter pylori infects more than half of the world's population and is a paradigm for persistent yet asymptomatic infection but increases the risk for chronic gastritis and gastric adenocarcinoma. For successful colonization, H. pylori needs to subvert the host cell death response, which serves to confine pathogen infection by killing infected cells and preventing malignant transformation. Infection of gastric epithelial cells by H. pylori provokes direct and fast activation of the proinflammatory and survival factor NF-κB, which regulates target genes, such as CXCL8, BIRC3 and TNFAIP3. However, it is not known how H. pylori exploits NF-κB activation and suppresses the inflammatory response and host apoptotic cell death, in order to avert the innate immune response and avoid cell loss, and thereby enhance colonization to establish long-term infection. Here we assign for the first time that H. pylori and also Campylobacter jejuni-induced ubiquitin-editing enzyme A20 bifunctionally terminates NF-κB activity and negatively regulates apoptotic cell death. Mechanistically, we show that the deubiquitinylase activity of A20 counteracts cullin3-mediated K63-linked ubiquitinylation of procaspase-8, therefore restricting the activity of caspase-8. Interestingly, another inducible NF-κB target gene, the scaffold protein p62, ameliorates the interaction of A20 with procaspase-8.
Helicobacter pylori is a Gram-negative bacterium that colonizes the human gastric mucosa. 1 A balance between moderate H. pylori colonization and mild host responses leads in most of the cases to an unrecognized long-term infection within a healthy individual. 2 On the other hand, H. pylori prevalence varies remarkably between and within populations based on the role of socioeconomic-related environmental factors. Thus, in a number of cases, persistent infection by H. pylori contributes to a plethora of gastrointestinal diseases, for instance, chronic active gastritis and gastric ulcers, and represents a major risk factor for the development of gastric cancer. 3 In addition, bacterial virulence factors such as the cytotoxin-associated gene pathogenicity islandencoded protein CagA, which is translocated into the host cell via the bacterial type IV secretion system (T4SS), and the vacuolating cytotoxin VacA have been implicated in the severity of gastric malignancies. 4 The ubiquitous transcription factor NF-κB affects multiple physiological processes of which the regulation of immune and inflammatory responses is the most conserved among different species. The mammalian NF-κB family consists of five members, RelA, RelB, c-Rel, NFKB1 (p105/p50) and NFKB2 (p100/p52), which form various homodimeric and heterodimeric NF-κB complexes. These remain sequestered, hence inactive, in the cytoplasm by the inhibitors of NF-κB (IκBs). Upon H. pylori infection, the IKK complex becomes activated by phosphorylation involving the kinases TAK1 and MEKK3. 5 Thereafter, the activated IKK complex phosphorylates IκBα leading to its proteasomal degradation and the subsequent nuclear translocation of the NF-κB complex. NF-κB is due to its gene-regulatory capacity, a cell survival factor that could contribute to cancer development. 6 Regulated cell death is the execution of an intracellular programme to maintain cellular homeodynamics. In recent years, the view on regulated cell death was broadened to include many different modes, such as autophagy, apoptosis, necroptosis, mitotic catastrophe and pyroptosis. 7 The beststudied cell death programme is apoptosis. An apoptotic signal can either be induced extrinsically by death receptors such as CD95 or TRAIL-R1/R2 or intrinsically via the mitochondria. Stimulation by the respective death ligand results in the formation of a death-inducing signalling complex (DISC), where procaspase-8 is activated leading to induction of the caspase cascade followed by the demolition of the cell. At the DISC, procaspase-8 is activated by dimerization in the death effector domain chains followed by internal cleavage. Procaspase-8a/b (p55/p53) processing at the DISC results in generation of the N-terminal cleavage products p43/p41, the Figure 1 A20 upregulation after H. pylori-induced NF-κB activation in gastric epithelial cells. (a) AGS cells were infected with H. pylori for the indicated times. Cell lysates were subjected to IB for analysis of proteins involved in NF-κB activation. (b) Total RNA was isolated after H. pylori infection with and without IKK inhibitor. Changes in A20 transcript (TNFAIP3) expression were investigated by quantitative PCR. Data shown depict the average of triplicate determinations. (c) Cell lysates were harvested after H. pylori infection in the absence or presence of IKK inhibitor for the indicated times and analysed in IB. (d) Cells were infected with different isogenic H. pylori strains wt, virB7 or cagA followed by IB analysis. GAPDH served as a loading control. (e-i) The effect of A20 depletion by siRNA transfection (e) or CRISPR/Cas9-mediated knockout (f-i) on the activity of NF-κB upon H. pylori infection (e, f), C. jejuni infection (g) or TNF stimulation (h) was analysed by IB (e-h) or transactivation assay (i). Representative IBs from at least two independent experiments with similar outcomes are shown. The transactivation assay was performed at least five times. Error bars, S.D., *Po0.02, #Po0.05. (j) Wt and A20 KO_1 cells were infected with H. pylori for 3 h. Total RNA was isolated and changes in the level of NF-κB target genes CXCL8 and BIRC3 were determined by quantitative PCR. Data shown depict the average of triplicate determinations. (k) A20 KO_1 cells were transfected with either pCMV (as empty vector control) or full-length active A20 (pA20) plasmids 24 h prior to H. pylori infection for the times shown. Cell lysates were harvested and analysed by IB prodomains p26/p24, as well as the C-terminal cleavage products p30, p18 and p10. The active caspase-8 heterotetramer p10/p18 generated at the DISC initiates apoptosis. 8 In response to H. pylori infection, gastric epithelial cells have been reported to show moderate apoptosis. Both VacA as well as a membrane-associated protein γ-glutamyl transpeptidase have been implicated in triggering the intrinsic apoptotic pathway. 9, 10 Interestingly, CagA has been described to counteract the apoptosis-inducing ability of VacA. 11 On the other hand, induction of the extrinsic apoptotic pathway by H. pylori has also been demonstrated that was attributed to the upregulation of CD95L, TRAIL and their respective receptors. 12, 13 These studies collectively indicate that the host cell, when infected with H. pylori, can execute both extrinsic and intrinsic pathways to effect apoptotic cell death. A20 (TNFAIP3) is an immediate early target gene of NF-κB that is involved in the termination of NF-κB activation as part of a negative feedback loop. 14 The deubiquitinylase (DUB) activity in the ovarian tumour domain as well as the ubiquitin E3 ligase activity in the fourth zinc finger of A20 are important for this role. However, A20 is also able to inhibit the activation of NF-κB in a non-catalytic manner by interacting directly with NEMO via polyubiquitin chains and thus preventing the activating phosphorylation of IKKβ by its upstream kinase TAK1. 15 Furthermore, A20 is also implicated in the regulation of apoptosis. [16] [17] [18] Lately, a role of A20 in other modes of regulated cell death, such as necroptosis and autophagy, has been proposed. 19, 20 p62 (sequestosome-1) is a ubiquitin-binding protein serving as a scaffold/adaptor molecule that is transcriptionally regulated by NF-κB. 21, 22 Studies have demonstrated the involvement of p62 in NF-κB activation by IL-1β and mTORC1 activation as well as autophagy. [23] [24] [25] More recently, the contribution of p62 to the anti-inflammatory capabilities of NF-κB by limiting the NLRP3-inflammasome activation has been reported. 26 The activation of NF-κB in H. pylori infection is a well-studied process, but to date, the molecular crosstalk between NF-κB signalling and the host apoptotic cell death is unclear. The present study was undertaken to address the role of the NF-κB target gene A20 in H. pylori infection in gastric epithelial cells with emphasis on the host apoptotic cell death. We provide evidence, using CRISPR/Cas9 A20 knockout cells, that A20 mitigates not only the proinflammatory NF-κB but also the apoptotic response of the host cell to bacterial pathogens. We also show that the inhibition of apoptotic cell death involves the DUB activity of A20 and the scaffold protein p62 to facilitate effective ubiquitin editing of procaspase-8.
Results
The ubiquitin-editing enzyme A20 suppresses H. pylori T4SS-dependent and CagA-independent NF-κB activation. Our previous work showed that H. pylori induces NF-κB in a T4SS-dependent and CagA-independent manner. 27, 28 Immunoblot (IB) analysis of the expression of the ubiquitin-editing enzyme A20 revealed an increase in A20 expression within 4 h followed by a gradual decrease up to 24 h in cells infected with H. pylori (Figure 1a ). This was preceded by the fast activation of NF-κB as indicated by the phosphorylation and degradation of IκBα and subsequent phosphorylation of RelA ( Figure 1a ). It is known that the A20 gene promoter can also be regulated by other transcription factors, including C/EBPβ and USF1. 29, 30 In order to demonstrate the dependency of A20 gene regulation on NF-κB activation, we examined A20 expression in cells treated with an IKK inhibitor prior to infection. Herein, inhibition of NF-κB led to a suppression of A20 mRNA and protein expression ( Figures 1b and c ). In addition, A20 expression was induced by H. pylori wt and CagA-deficient but not T4SS-deficient (virB7) isogenic strains ( Figure 1d ). The inhibitory role of A20 in TNF-stimulated NF-κB activation has been investigated previously. 14, 15 To study the impact of A20 on NF-κB regulation in H. pylori-infected cells, we depleted A20 using siRNA as well as generated A20-knockout cells using the CRISPR/Cas9 system. Unless stated otherwise, parent AGS cells and A20-knockout AGS cells will be referred to as wt and A20 KO cells, respectively. We observed enhanced NF-κB activation in siRNA-transfected cells (Figure 1e and Supplementary Figure S1a ) and A20 KO cells (Figure 1f and Supplementary Figure S1b ). The same effect was also observed for another human pathogen, namely Campylobacter jejuni (Figure 1g ), and TNF stimulation ( Figure 1h ). In addition, NF-κB-dependent transactivation of luciferase activity was increased in the A20 KO cells in response to H. pylori infection as well as TNF stimulation (Figure 1i ). Accordingly, H. pylori-infected A20 KO cells also showed higher transcript levels of NF-κB target genes CXCL8 and BIRC3 (Figure 1j ). In A20 KO cells reconstituted with A20, attenuated NF-κB activation was observed in comparison to control A20 KO cells (empty vector only), thereby confirming the inhibitory effect of A20 on H. pylori-induced NF-κB activation (Figure 1k ). A20 impedes apoptotic cell death in pathogen-infected cells. Compelling evidence exists for the involvement of H. pylori and the survival factor NF-κB in the development of gastric cancer. [31] [32] [33] Further, H. pylori infection is accompanied by moderate apoptosis in different cell lines. 34, 35 Thus we studied the impact of NF-κB activity on apoptotic cell death in H. pylori-infected cells. Infection by H. pylori and treatment with CD95L showed apoptotic cell death, contrary to IL-1β and TNF stimulation (Figure 2a ), as indicated by the detection of active caspase-8 and -3. This finding was supported by imaging flow cytometric analysis showing an increase in cells positively stained for cleaved caspase-3 after infection ( Figure 2b ). We also observed the onset of apoptosis in infected MKN-45 cells, thus excluding cell linespecific effects (Figure 2c ). Furthermore, we observed enhanced processing of procaspase-8 and -3 in infected A20 KO cells (Figure 2d and Supplementary Figure S2a ). When A20 was reintroduced into the A20 KO cells by overexpression, infection by H. pylori led to less cleaved caspase-8 and -3 (Figure 2e and Supplementary Figure S2b ). Our results therefore strongly implicate that, in part, apoptotic cell death in H. pylori infection involves a regulation by A20. The processing of procaspase-8 and -3 was blocked by the addition of procaspase-8-specific inhibitor Z-IETD-FMK in a concentration-dependent manner (Figure 2f ), indicating a caspase-dependent mechanism for the observed cell death. This was substantiated by the Annexin V/PI staining, which showed a decrease in the percentage of apoptotic cells in wt (15-9% cell death) and A20 KO cells (22-10% cell death) upon inhibition of procaspase-8 ( Figure 2g ). Herein, 20 μM of Z-IETD-FMK had a stronger impact on the apoptotic cell death induced in
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Pathogen-induced A20 and p62 suppress cell death MCC Lim et al A20 KO cells as compared with the wild-type cells (wt 38% reduction versus A20 KO 52% reduction, Figure 2g ), suggesting that A20 affects procaspase-8-dependent apoptotic cell death. Our findings imply that a strong and sustained activity of the survival factor NF-κB in the absence of A20 is not capable to suppress the apoptotic cell death. To investigate whether this observation is specific for H. pylori, we studied infection with C. jejuni, which also showed increased activation of NF-κB in A20 KO cells. C. jejuni infection elicited enhanced processing of procaspase-8 to its active p18 fragment in A20 KO cells (Figure 2h ). Our results demonstrate that A20 suppresses apoptotic cell death in cells infected with different pathogens, which suggests a specific role of A20 in attenuating host cell survival apart from the termination of NF-κB activity.
DUB activity of A20 counteracts efficient procaspase-8 activation by removal of K63-linked polyubiquitin in H. pylori infection. Thus far, our findings implicated a function of A20 in the regulation of procaspase-8 activation in infected cells. Next we investigated the interaction between endogenous A20 and procaspase-8. In co-immunoprecipitation (co-IP) studies, we detected A20 interaction with procaspase-8, which was inducible upon H. pylori infection (Figure 3a ). In vitro translation using FLAG-tagged A20 and HA-tagged procaspase-8 revealed a direct interaction between A20 and procaspase-8 ( Figure 3b ). During apoptotic cell death, the K63-linked polyubiquitinylation of procaspase-8 supported its full activation and processing. 16 In the presence of H. pylori, we observed an increase in the endogenous K63-linked polyubiquitinylation of procaspase-8 when we performed caspase-8 IP under denaturing conditions, an effect that was even more pronounced in A20 KO cells (Figure 3c and Supplementary Figure S3a ). Notably, we also observed an apparent decrease in the endogenous procaspase-8 polyubiquitinylation from 9 to 24 h after infection, which corresponded to an increase in the signal of cleaved caspase-8 ( Figure 3c ). We hypothesized that the decrease in K63-linked polyubiquitinylation is due to the processing of polyubiquitinylated procaspase-8 to its active fragment, thus reducing the pool of polyubiquitinylated procaspase-8. This hypothesis was supported when we observed an increase in the K63-linked polyubiquitinylation of procaspase-8 in infected cells co-incubated with Z-IETD-FMK ( Figure 3d ). Collectively, our data imply that the DUB activity of A20 could be responsible for removing the K63-linked polyubiquitin from procaspase-8, leading to a decrease in caspase-8 activity. We then performed complementation experiments by overexpressing full-length active A20 (pA20), A20 DUB mutant (pC103A) or A20 E3 ligase mutant (pC624/627A) in A20 KO cells followed by caspase-8 IP under denaturing conditions. Infection with H. pylori led to an increase in the K63-linked polyubiquitinylation of procaspase-8 in empty vector control A20 KO cells as well as A20 KO cells, which overexpressed the A20 DUB mutant, and only a marginal K63-linked polyubiquitin signal was observed in A20 KO cells reconstituted with the A20 E3 ligase mutant or active A20 (Figure 3e and Supplementary Figure S3b ), confirming our hypothesis that the DUB activity of A20 is important for the ubiquitin editing of procaspase-8. In accordance with a previous report, we investigated whether the cullin3 (Cul3) RING-based E3 ligase is responsible for the polyubiquitinylation of procaspase-8. 16 Cul3 co-IP revealed an interaction with A20 and procaspase-8 (Figure 4a ). Moreover, the K63-linked polyubiquitinylation of procaspase-8 was abolished in Cul3-suppressed cells after infection, suggesting that Cul3 is responsible for ligating K63-linked polyubiquitin to procaspase-8 upon H. pylori infection (Figure 4b and Supplementary Figure S4a ), as has been shown before in TRAIL-treated cells by Jin et al. 16 Further analysis using Annexin V/PI staining showed that Cul3-knockdown cells were less apoptotic in comparison to mock-or scrambled siRNA-transfected cells after infection (Figure 4c and Supplementary Figure S4b ), hence associating the K63linked polyubiquitinylation of procaspase-8 directly to the efficiency of the induction of apoptotic cell death by H. pylori.
Scaffold protein p62 enables A20 to more efficiently remove polyubiquitin from procaspase-8 in H. pyloriinfected cells. Having shown that the DUB activity of A20 removes polyubiquitin from procaspase-8, we were interested whether other proteins apart from A20 contribute to procaspase-8 activation. Herein, an NF-κB target gene, p62 has been described to be a polyubiquitin-binding protein serving as a scaffold or molecular bridge, 22 and based on this function, it mediates the aggregation of ubiquitinylated procaspase-8. 16 Similar to A20, p62 gene regulation was induced by H. pylori (Figure 5a ). Co-IPs using A20 antibody detected an interaction with procaspase-8 and p62 (Figure 5b ). Furthermore, infection of cells followed by caspase-8 co-IP and IB analysis revealed not only an interaction with both A20 and p62 but also that the suppression of p62 by siRNA led to lesser interaction of A20 with procaspase-8 (Figure 5c and Supplementary Figure S5a ). Interestingly, p62 could be co-immunoprecipitated with A20 in the absence of procaspase-8, suggesting that this interaction is not mediated by ubiquitin (Figure 5d and Supplementary Figure S5b ). Hence, our data imply that the ability of A20 to remove K63-linked polyubiquitin from procaspase-8 is dependent on the presence of p62. Indeed, our further investigation showed an increase in the signal of processed procaspase-8 (Figure 5e and Supplementary Figure S5c ) and increased signal for K63-linked polyubiquitinylated procaspase-8 (Figure 5f and Supplementary Figure S5d ) in p62-depleted cells after infection. Taken together, our observations suggest that p62 promotes efficient interaction of A20 with procaspase-8 to remove K63-linked polyubiquitin chains from procaspase-8 in pathogen infection. 
Discussion
In the present study, we provide direct evidence that the NF-κB-regulated and de novo synthesized ubiquitin-editing enzyme A20 suppresses caspase-8 activity and apoptotic cell death in H. pylori-infected cells. We observed an interaction between procaspase-8 and the E3 ligase Cul3, which catalyses the conjugation of K63-linked ubiquitin to procaspase-8. The A20's DUB activity reverses the K63-linked ubiquitinylation of procaspase-8, a process that Pathogen-induced A20 and p62 suppress cell death MCC Lim et al is supported by the novel functional complex of procaspase-8/ p62/A20. Our results indicate that as one of the consequences, infection by H. pylori causes host apoptotic cell death via the extrinsic apoptotic pathway (Figures 2f and g) , which is attributed to the upregulation of CD95L, TRAIL and their respective receptors. 12, 13 Although apoptosis of host cells is beneficial for the bacterium as it provides a source of nutrients, H. pylori also needs to maintain the integrity of the gastric epithelium for colonization. 36 To this end, infection activates NF-κB signalling, leading in most cases to a placid inflammatory response. Our data (Figures 1e, f and 2d) imply that NF-κB-induced A20 inhibits NF-κB activation and subsequently attenuates the host cell apoptotic response. These two seemingly disparage effects of A20 highlight a novel mechanism how H. pylori benefits from the host cellular response. We have made similar observations in C. jejuni-infected cells (Figure 2h ), suggesting that other pathogens could also exploit the host cellular response to their own advantage in a similar manner. This is in our opinion an important feature of pathogen infection as it contributes to the ability of the pathogen to persist in a hostile environment. Interestingly, an earlier study has reported that cIAP2, another NF-κB target gene, also prevents apoptosis in H. pylori infection. 37 In addition, previous studies have shown that pathogens could capitalize on the ability of A20 to inhibit NF-κB signalling in order to subvert the host immune response. Leishmania donovani, Mycobacterium fortuitum and the measles virus, for instance, suppress the TLR-mediated response by upregulating A20 and therefore inhibiting the activity of NF-κB. [38] [39] [40] We demonstrated here that the Cul3-dependent K63-linked polyubiquitinylation of procaspase-8 (Figure 4b) was removed by the DUB activity of A20 (Figure 3e ), affirming that A20 has a protective function against apoptotic cell death in response to H. pylori infection. NF-κB activation in infected cells also resulted in the upregulation of p62 (Figure 5a ), which also takes part in the autophagy of microbial pathogens. 41 Jin et al. 16 have elucidated the role of p62 as a scaffold protein to support effective processing of procaspase-8 after Cul3dependent ubiquitinylation in TRAIL-stimulated cells. We report here that, in the context of pathogen-induced apoptotic cell death, the presence of p62 favours interaction between A20 and procaspase-8 (Figure 5c ), therefore enabling A20 to remove K63-linked polyubiquitin from procaspase-8 (Figure 5f ). Additionally, we also presented data showing that the interaction of p62 and A20 is independent of ubiquitinylated procaspase-8 (Figure 5d ), suggesting that p62 could serve as an adaptor between procaspase-8 and A20. This result is supported by the well-known feature of A20 to recruit adaptor molecules in order to fulfill its function. 42, 43 In fact, it could be that p62 exerts different functions with respect to the apoptotic cell death in pathogen infection as compared with TRAIL, that is, that different triggers could affect the balance between ubiquitinylation and deubiquitinylation of procaspase-8. Whether other A20 adaptor molecules such as ABINs are also involved in pathogen-infected cells remains to be elucidated. 44 In conclusion, we showed that H. pylori infection induces the expression of NF-κB-regulated target genes A20 and p62. A20 negatively impacts NF-κB activity and subsequently promotes cell survival due to the suppression of caspase-8 activity by forming a complex with p62 and procaspase-8 (Figure 5g ). Our study highlights the complexity of the interplay between NF-κB signalling and apoptotic cell death due to the involvement of A20, which has distinct functions in the regulation of each of the two processes. The intriguing question remains how the host cellular response is influenced by other factors such that it favours infection by the pathogen in question. This warrants further investigation as other molecules, such as RIP1 and TRADD, exist that are also involved in both the NF-κB and cell death pathways and deeper insight into the complex regulation of host responses towards persistent pathogen infections will provide means of intervention to contain the infection.
Materials and Methods
Cell culture. AGS (ATCC CRL-1739) and MKN-45 cells (DSMZ ACC 409) were routinely cultivated in RPMI-1640 medium supplemented with glutamine and 10 or 20% FCS, respectively, and incubated at 37°C in a 5% CO 2 humidified incubator. Cells were seeded at a density of 3.5 × 10 5 per 60 mm culture dish or 1.4 × 10 6 per 100 mm culture dish for H. pylori or C. jejuni infection (MOI 100), TNF (10 ng/ml) (PeproTech, Hamburg, Germany), CD95L (250 nM) (PeproTech) or staurosporine (1 μM) (Enzo Life Sciences GmbH, Lörach, Germany) treatment. Cell culture medium was changed to fresh RPMI-1640 containing 10% FCS 24 h prior to treatment of the cells. H. pylori wt (P1 strain), isogenic strains cagA (CagA-deficient) and virB7 (T4SS-deficient) were cultivated under microaerophilic conditions at 37°C on agar plates containing 10% horse serum and vancomycin for wt and vancomycin/streptomycin for cagA and virB7 for 72 h. Bacteria was replated and cultivated for further 48 h before use for experiments. C. jejuni was cultivated on Campylobacter blood-free selective Agar Base (Oxoid, Germany, Munich) containing Campylobacter growth supplement (Oxoid) 48 h prior to infection. The procaspase-8-specific inhibitor Z-IETD-FMK and the IKK inhibitor VII used in some experiments were purchased from VWR (Darmstadt, Germany) and Merck (Germany, Darmstadt), respectively. Cells were preincubated with Z-IETD-FMK (10 μM or 20 μM) or IKK inhibitor VII (10 μM) for 15 min prior to H. pylori infection.
Transfection of siRNAs and plasmids. Twenty-four hours prior to siRNA transfections, AGS cells were seeded at a density of 1.5 × 10 5 per 60 mm culture dish. Transfection was performed using the jetPRIME Kit (VWR, Germany) according to the manufacturer's protocol. Cell culture medium was changed to fresh RPMI-1640 containing 10% FCS prior to transfection. The siRNAs were used at a final concentration of 40 nM for A20, 40 nM or 20 nM for procaspase-8, 20 nM for Cul3 and 10 nM for p62. For plasmid transfection, cells were seeded at a density of 1.4 × 10 6 per 100 mm dish 24 h prior to transfection. The amount of plasmid used Figure 5 p62 enhances interaction between A20 and procaspase-8 for effective editing of K63-linked polyubiquitinylation of procaspase-8. AGS cells were infected with H. pylori followed by IB analysis of p62 expression (a) or co-IP with anti-A20 antibody was performed and analysed by IB for interacting proteins (b). (c) p62-depleted cells by siRNA transfection were infected with H. pylori. Procaspase-8 co-IP was performed and analysed by IB for interacting proteins. (d) Caspase-8-depleted cells by siRNA transfection were infected with H. pylori. A20 co-IP was performed and analysed by IB for interacting proteins. (e and f) The effect of p62 depletion by siRNA transfection on procaspase-8 processing (e) and K63-linked ubiquitinylation of procaspase-8 after caspase-8 IP under denaturing conditions (f) was analysed by IB. Representative IBs from two independent experiments are shown. (g) Schematic representation of the findings in this study. Infection with H. pylori leads to the activation of NF-κB (1) , which in turn upregulates A20 (2) . A20 fulfills two opposing functions, one that inhibits further activation of NF-κB (3), thus providing a negative feedback loop and the other, supported by p62, removes K63-linked polyubiquitin from procaspase-8 (4) to negatively regulate the apoptotic response of the host cell per 100 mm dish was 2 μg. Plasmid transfection was performed using Effectene transfection reagent (Qiagen, Hilden, Germany) according to the suggested protocol from the manufacturer for the 100 mm dish format. The siRNAs and plasmids were transfected into the cells for 24 and 6 h, respectively, before the cell culture medium was changed to fresh RPMI-1640 medium containing 10% FCS followed by further incubation for 18-24 h. Mock control are cells treated with only the transfection reagent. For the siRNA-negative control, scrambled siRNA (scr) (AllStars, Qiagen) was used. The following siRNAs were used: A20 si5 (J-009919-05-0005) was from Dharmacon (Lafayette, CO, USA). A20 si9 (SI05018601) and Casp8 si11 (SI02661946) were from Qiagen. p62 siB 5′-GGACCCAUCUGUCUUCAAAdTdT-3′, p62 siC 5′-GCAUUGAAGUUGAUAUCGAdTdT-3′, Cul3 siA 5′-GAGAAGAUGUACUAAAUUCdT dT-3′, Cul3 siD 5′-GAGAUCAAGUUGUACGUUAdTdT-3′ and Casp8 si1 5′-GGAGCU GCUCUUCCGAAUU-3′ were from Eurofins Genomics (Ebersberg, Germany).
SDS-PAGE and Western blotting. Cells were lysed for 15 min on ice in lysis buffer (50 mM Tris/HCl pH 7.5, 150 mM NaCl, 5 mM EDTA, 10 mM K 2 HPO 4 , 10% glycerol, 1% Triton X-100 and 0.5% NP-40) containing phosphatase inhibitors (1 mM sodium vanadate, 1 mM sodium molybdate, 20 mM sodium fluoride, 10 mM sodium pyrophosphate, 1 mM AEBSF and 20 mM 2-phosphoglycerate) and protease inhibitor mix (complete, EDTA-free, Roche, Mannheim, Germany). Cell lysates were obtained after centrifugation at 13 000 r.p.m. for 10 min at 4°C. Protein concentration was estimated using the BCA Protein Assay Kit (Thermo Fisher Scientific, Darmstadt, Germany). SDS-PAGE was performed in Tris-Glycine buffer gels and transferred onto PVDF membranes (Merck, Darmstadt, Germany) and blocked for 1 h at room temperature using 5% skim milk in TBS containing 0.1% Tween (TBS-T). The primary antibodies were incubated overnight in either 5% BSA or 5% skim milk in TBS-T at 4°C. The membranes were washed thrice in TBS-T and incubated with the appropriate HRP-conjugated secondary antibody for 1 h at room temperature at a dilution of 1:5000 in 5% skim milk in TBS-T, followed by three washes in TBS-T. The membranes were developed using a chemiluminescent substrate (Millipore). The band pattern was visualized using the ChemoCam Imager (Intas, Göttingen, Germany).
Antibodies used in this work were as follows: phospho-RelA (#3031), phospho-IκBα (#9246), IκBα (#4812), caspase-8 (#9746), caspase-3 (#9692), and cleaved caspase-3 (#9661) were from Cell Signaling Technology (Beverly, MA, USA). FLAG-tag (F3165) was from Sigma-Aldrich (Taufkirchen, Germany). A20 (sc-166692) for IB or IP, caspase-8 (sc-6136 or sc-393776) for IP and HA-probe (sc-805) were from Santa Cruz (Santa Cruz, TX, USA). A20 (IMG-161A) for IB use was from Imgenex (San Diego, CA, USA). GAPDH (MAB374) and K63-polyubiquitin (05-1308) were from Millipore. K63polyubiquitin (clone HWA4C4) was from BioLegend (San Diego, CA, USA). Flagellin was from Acris Antibodies (Herford, Germany). CagA (HPM-5001-5) was from Austral Biologicals (San Ramon, CA, USA). p62 (MBL-M162-3) was from BIOZOL (Eching, Germany). Cullin-3 (611848) was from BD Transduction Laboratories (Heidelberg, Germany). The secondary anti-rabbit-HRP or anti-mouse-HRP antibodies were from Jackson ImmunoResearch Laboratories Inc. (West Grove, PA, USA).
Immunoprecipitation. Cells were detached by trypsin, washed once with PBS and lysed for 15 min on ice in IP buffer (30 mM Tris/HCl pH 7.5, 150 mM NaCl, 10% glycerol and 1% Triton X-100) containing protease and phosphatase inhibitors. Cell lysates were obtained after centrifugation at 13 000 r.p.m. for 10 min at 4°C. For co-IP, 2 mg cell lysate was incubated overnight at 4°C with 1 μg IP antibody or isotype IgG. Precipitation of protein complexes was performed by adding protein A/ G magnetic beads (Thermo Fisher Scientific, Darmstadt, Germany) for 1 h at 4°C. The beads were washed three times in IP buffer and twice in PBS. Elution of beads was achieved by incubation with 2 × sample buffer for 20 min at room temperature. Eluate was transferred to a clean tube and heated for 5 min at 95°C. For IP under denaturing conditions, cells were lysed in IP buffer containing 1% SDS and heated at 95°C for 15 min followed by centrifugation at 13 000 r.p.m. for 15 min. Cell lysates were diluted 1:10 in IP buffer before IP.
Site-directed mutagenesis. The FLAG-tagged A20 expressing plasmid (RC221337-OR) was purchased from BioCat (Heidelberg, Germany). Silencing of the DUB or E3 ligase activity of A20 was achieved using the Site-Directed Mutagenesis Kit QuickChange II XL (Agilent, Frankfurt am Main, Germany). Primers were designed to replace C103 or C624/627 by alanine to mutate the DUB and E3 ligase activity, respectively. The primers are as follows: C103A 5′-GAACG GTGACGGCAATGCCCTCATGCATGCCAC-3′ and C624/627A 5′-GACTCCAGAA AACAAGGGCTTTGCCACACTGGCTTTCATCGAGTACAGAGAAAA-3′. Successful mutation was verified by sequencing.
Generation of A20 knockout cells using CRISPR/Cas9 technology. AGS cells were seeded in six-well plates and transfected with either 1 μg of the A20 double nickase plasmid (Santa Cruz) or the respective control double nickase plasmid (Santa Cruz). The transfection reagent jetPRIME was used according to the manufacturer's protocol. After 24 h incubation, the medium was changed to selection medium containing 0.5 μg/ml Puromycin. After 10 days of selection, single colonies were selected by limiting dilution in 96-well plates and expanded.
Imaging flow cytometry. Analysis of AGS cells for cleaved caspase-3 or Annexin V/PI staining was performed using the FlowSight instrument and the IDEAS software version 6.0 (Amnis/Merck Millipore, Darmstadt, Germany). The cells were harvested using trypsin and either stained with an Annexin V-FITC/PI Kit (MabTag, Friesoythe, Germany) or fixed in 3% formaldehyde in PBS for 10 min followed by permeabilization in 90% ethanol. The fixed cells were washed in incubation buffer (0.5% BSA in PBS) twice and stained with anti-cleaved caspase-3 antibody conjugated to AlexaFluor647 (#9602, Cell Signaling Technology) for 1 h at room temperature. All samples were recorded in the respective channels and compensation was performed before analysis. For the analysis of cell death, the Annexin V-positive and double positive cells were summed up to give the percentage of apoptotic cells. The number of cleaved caspase-3-positive cells was given as the percentage of single cells. and wrote the manuscript. M.H.F., R.D., J.B. and O.S. performed experiments. S.B. and I.N.L. provided reagents. S.B., D.S. and I.N.L. provided expertise and feedback.
